Rationale Hypothalamic-pituitary-adrenal (HPA) axis hormones have neuroactive metabolites with receptor activity similar to ethanol. Objectives The present study related HPA hormones in naïve monkeys to ethanol self-administration. Methods Morning plasma adrenocorticotropic hormone (ACTH), cortisol, deoxycorticosterone (DOC), aldosterone, and dehydroepiandrosterone-sulfate (DHEA-S) were measured longitudinally in male rhesus macaques (Macaca mulatta) induced to drink ethanol followed by access to ethanol (4 %w/v, in water) and water 22 h/day for 12 months. Results During ethanol access, DOC increased among nonheavy (average intake over 12 months ≤3.0 g/kg/day, n=23) but not among heavy drinkers (>3.0 g/kg/day, n=9); aldosterone was greater among heavy drinkers after 6 months. The ratio of DOC/aldosterone decreased only among heavy drinkers after 6 or12 months of ethanol self-administration. ACTH only correlated significantly with DHEA-S, the ratio of cortisol/DHEA-S and DOC after the onset of ethanol access, the former two just in heavy drinkers. Baseline hormones did not predict subsequent ethanol intake over 12 months, but baseline DOC correlated with average blood-ethanol concentrations (BECs), among all monkeys and heavy drinkers as a group. During ethanol access, aldosterone and DOC correlated and tended to correlate, respectively, with 12-month average ethanol intake. Conclusions Ethanol self-administration lowered ACTH and selectively altered its adrenocortical regulation. Mineralocorticoids may compensate for adrenocortical adaptation among heavy drinkers and balance fluid homeostasis. As DOC was uniquely predictive of future BEC and not water intake, to the exclusion of aldosterone, GABAergic neuroactive metabolites of DOC may be risk factors for binge drinking to intoxication.
Introduction
Ethanol is considered a stressor because it can activate the hypothalamic-pituitary-adrenal (HPA) axis. Corticotropinreleasing hormone (CRH) from the median eminence of the hypothalamus is necessary for an increase in adrenocorticotropic hormone (ACTH; rats; Rivier et al. 1984) , and ACTH is necessary for ethanol to increase adrenal-derived hormones in plasma (Boyd et al. 2010 ). In turn, there are adrenal-derived, neuroactive metabolites of steroidal hormones controlled by ACTH that are released in response to stressful events (Boyd et al. 2010) . Although there are limited data in non-human primates, there are clear conditions under which ethanol can activate the HPA axis. In ethanol-naïve monkeys, the combination of removal from the home cage, restraint for blood sampling, and non-contingent ethanol administration (1.0-3.0 g/kg, i.v.) increased plasma ACTH from 125 to 225 pg/ml, and higher doses of ethanol (2.0-2.2 g/kg, i.v.) increased cortisol from 25 to 50 μg/dl (Schwandt et al. 2011 ).
In contrast, in monkeys under ethanol self-administration procedures with indwelling catheters for ethanol infusion and blood sampling, an average intake of 2.4 g/kg (i.v.) slightly lowered the levels of ACTH and cortisol compared to saline self-administration (Broadbear et al. 2005) . Likewise, in monkeys that have chronically self-administered ethanol and have habituated to awake blood sampling, ethanol selfadministration resulted in decreased cortisol compared to predrinking baseline levels (Cuzon-Carlson et al. 2011; Helms et al. 2012a) . Acute ethanol ingestion in humans (0.75 g/kg) did not increase ACTH or cortisol in most (6/8) young adults, non-alcoholic men (Waltman et al. 1993) . Further, compared to controls, human alcoholics had no difference in plasma cortisol but increased ACTH (Wand and Dobs 1991) . However, compared to social drinkers, 28-day abstinent alcoholics had greater basal salivary cortisol (Sinha et al. 2009 ). Finally, there were similar serum cortisol levels in alcoholics and controls during a baseline phase, but cortisol increased when subjects were given ethanol every 4 h for four consecutive days (Mendelson and Stein 1966) . Thus, it appears that acute ethanol can result in an activation of the HPA axis, whereas chronic ethanol self-administration in nonhuman primates slightly suppresses basal activity of the HPA axis, and findings from humans are inconclusive.
Activation of the HPA axis by ethanol has mixed effects on circulating neuroactive steroids in primates. After acute ethanol administration, the precursor to all steroid hormones, pregnenolone, was decreased in macaque monkeys (Porcu et al. 2006 ) and increased in humans who were social drinkers (Pierucci-Lagha et al. 2006) . Likewise, following acute ethanol in cynomolgus monkeys or humans, the neuroactive steroid precursors progesterone and deoxycorticosterone (DOC), as well as the neuroactive metabolite 3α,5α-pregnanolone and the mineralocorticoid aldosterone are either not increased or are decreased (Porcu et al. 2006 Pierucci-Lagha et al. 2006; Nieminen et al. 1981) . Lastly, ethanol challenge did not increase the neurosteroid dehydroepiandrosterone (DHEA) in human males (Pierucci-Lagha et al. 2006) . Collectively, the findings from an ethanol challenge in non-dependent primates suggest that the response of adrenal hormones either adapts to below baseline (cortisol) or is unchanged (neuroactive steroids). However, there are few data sets available to draw this conclusion.
Some neuroactive steroids have similar neuronal receptor mechanisms as ethanol (Fig. 1) . As demonstrated using drug discrimination, metabolites of progesterone (3α,5α-and 3α,5β-pregnanolone; Grant et al. 1996 Grant et al. , 1997 Grant et al. , 2008a , DOC (3α,5α-tetrahydrodeoxycorticosterone (THDOC); Ator et al. 1993) , and testosterone (3α,5α-androsterone; Grant et al. 2008a ) that positively modulate γ-aminobutyric acid (GABA) A receptors produce discriminative stimulus effects that substitute for ethanol. Other hormones such as DHEAsulfate (DHEA-S) and cortisol metabolites (3α,5α-and 3α,5β-reduced cortisols) negatively modulate GABA A receptors and do not substitute for ethanol (Helms et al. 2012c ). The influence of physiological levels of neuroactive steroids on the subjective effects of ethanol was suggested by a study showing that endogenous variation of progesterone during the menstrual cycle in monkeys alters sensitivity to ethanol in drug discrimination procedures (Grant et al. 1997) . These studies suggest marked consequences of variation in endogenous hormones on the behavioral pharmacology of ethanol that is mediated by GABA A receptor mechanisms.
The overlapping receptor mechanisms of ethanol and neuroactive steroids suggest a prominent interaction that may affect ethanol self-administration. Endogenous GABAergic neurotransmission, which is modulated by neuroactive steroids, inhibits the HPA axis and alters responses to ethanol. For example, antagonism of GABA A receptors in the paraventricular nucleus of the hypothalamus of rats increased corticosterone, and time-and dose-dependently decreased ethanol self-administration (Li et al. 2011) . Interestingly, repeated corticosterone administration in rats resulted in rightward shifts in the dose-response curve indicating decreased efficacy and potency of ethanol to produce discriminative stimulus effects (Besheer et al. 2012) . Further, neuroactive steroids that have similar receptor mechanisms as ethanol (e.g., GABA A receptor positive modulation) are self-administered in monkeys (Rowlett et al. 1999) , and if used as a pretreatment, they can increase ethanol self-administration in mice (Sinnott et al. 2002) . Thus, shared receptor mechanisms between stressresponsive adrenal hormones and ethanol (Biggio et al. 1990 ) imply a common homeostasis of these processes.
The present study extends our understanding of ethanolneuroactive steroid interactions from drug discrimination to self-administration by documenting individual differences in baseline HPA axis activity and then studying subsequent ethanol drinking. Using the same procedure as the present study, we previously reported that oral ethanol selfadministration during a schedule-induced polydipsia procedure (Grant et al. 2008b ) flattens ACTH and blunts cortisol diurnal rhythms (Helms et al. 2013) . Subsequent ethanol selfadministration (22 h/day) resulted in a greater proportion of heavy drinkers that were of subordinate or intermediate compared to dominant social rank (Helms et al. 2012a ), which could be related to differences between social ranks in hormonal response to ACTH (Czoty et al. 2009 ). Here, we hypothesized that baseline HPA axis activity would correlate with the dose of self-administered ethanol, and the direction of correlation would depend on whether the neuroactive metabolites are positive or negative modulators of GABA A receptors (Fig. 1) . Hormones metabolized to GABA A negative modulators should attenuate the effects of ethanol and were expected to positively correlate with ethanol selfadministration. Hormones metabolized to GABA A positive modulators should potentiate the effects of ethanol and were expected to negatively correlate with ethanol selfadministration. In addition, repeated ethanol use appears to alter the threshold for stress responses and activation of the HPA axis in some studies (e.g., Berman et al. 1990; Dai et al. 2007; Porcu et al. 2008) . However, there are no longitudinal studies of chronic oral ethanol self-administration and alterations of HPA axis hormones that are neuroactive steroid precursors. Therefore, this study characterized HPA axis adaptation with ethanol dose-dependent effects across long-term daily drinking and the dose relationship of ethanol intake to HPA axis activity.
Methods

Animals
Experimentally naïve male rhesus monkeys (Macaca mulatta, n=32, 4-11 years, 6-8 kg) were the subjects in this experiment. Throughout the experiment, the animals were individually housed in quadrant cages (0.8×0.8×0.9 m) with constant temperature (20-22°C), humidity (65 %), and light cycle (11 h lights on, 13 h lights off). The animals had visual, auditory, and olfactory contacts with other conspecifics and interacted extensively with the laboratory staff and the operant panel. Body weights were measured weekly. All procedures were conducted in accordance with the NIH and the Guide for the Care and Use of Laboratory Animals and approved by the Oregon National Primate Research Center IACUC. Data analysis on ethanol self-administration and MRI structural brain imaging from these animals have been published Kroenke et al. 2014 ).
Apparatus
Each monkey had an operant panel on one wall of the home cage that provided access to food and fluid. The panels were controlled by a computerized system (Dell Computer Corporation, Round Rock, TX, USA, with interface and programming environment from National Instruments Corporation, Austin, TX, USA). As previously described (Vivian et al. 2001; Grant et al. 2008b) , each panel had two fluid spouts, each beneath a set of three horizontally parallel lights (red, white, and green), a centrally located recessed dowel with an associated stimulus light, and an infrared finger poke (OTBVR811, Banner Engineering, Minneapolis, MN). Each drinking spout was connected via tubing to a 1-l fluid reservoir placed on a digital scale (AV4101C, Ohaus Corporation, Pine Brook, NJ, USA). Electronic valves controlled fluid availability. Both the valves and scales were connected to a computer interface. Schedule-induced polydipsia (Grant et al. 2008b; Vivian et al. 2001 ) was used to induce animals to self-administer 4 % (w/v, in water) ethanol. Overall, one banana-flavored pellet was delivered every 300 s until a volume of water equal to 1.5 g/kg 4 %w/v ethanol solution was consumed; after which, pellets were available on a fixed-ratio 1 (FR-1) schedule following a 2-h period during which only water was available. The animals were then introduced to 4 %w/v ethanol and required to consume increasing doses in 30-day increments beginning with 0.5, 1.0, and finally 1.5 g/kg/day. Following induction, ethanol and water were available concurrently, and animals were able to self-administer the fluids for 22 h/day. During concurrent access, pellets were delivered on a FR-1 schedule in three equal meals with 2-h intervals in between.
Sample collection
After acclimating to the laboratory and staff, training for awake venipuncture was performed twice daily and advanced for each animal individually as they performed each step with minimal distress. As described by Porcu et al. (2006) , training was conducted using positive reinforcement (fresh fruit) as the animal sat at the front of the cage and presented its leg through an opening (10×10 cm). Once comfortable, a dental pick was used to simulate a needle stick at the femoral vein. Finally, blood was collected (3 ml, 22-g×2.54-cm Vacutainer needle, and hematology tube; Becton Dickinson, Franklin Lakes, NJ) once per week for assay of cortisol, ACTH, DOC, aldosterone, and DHEA-S. Due to circadian variation of some of the hormones assayed, all samples were obtained when the lights came on in the morning, which was consistent within subjects, but varied slightly between groups of monkeys (6:00-8:00 a.m.). Blood samples (3 ml) were chilled on ice then centrifuged (3,000 rpm, 15 min, 4°C), aliquoted, and stored at −80°C. Samples were selected throughout the timeline for assay: 2-4 samples/monkey during baseline (116-118 days and 7-42 days in between samples) and 7-10 samples/monkey during 22 h/day access to ethanol (358-404 days and 34-69 days in between samples). Approximately, every fifth day, samples for blood-ethanol concentration (BEC) were collected 7 h after session onset during 22 h/day access to ethanol using gas chromatography (see Grant et al. 2008a, b for details) . This timing of sample collection coincided with the lights turning off in the housing room (off for 13 h) and is associated with a high correlation (r≥0.80) between 7-h ethanol intake and BEC . A BEC was used to indicate intoxication according to the NIAAA definition of 80 mg/dl as being legally intoxicated.
Hormone assays
The Oregon National Primate Research Center Endocrine Technology Services Laboratory conducted all assays. A Roche cobas e411 automatic clinical platform was used to assay ACTH (sensitivity, 1-2,000 pg/ml; inter-assay variation, 0.8 %), cortisol (sensitivity, 0.036-63.4 μg/dl; interassay variation, 1.1 %), and DHEA-S (sensitivity, 0.001-10 μg/ml; inter-assay variation, 4.4 %). Commercial assays were used for aldosterone (enzyme-linked immunosorbent assay with sensitivity of 0-1,600 pg/ml and inter-assay variation of 7.8 %) and for DOC (extraction radioimmunoassay with sensitivity of 0-1,000 ng/ml and interassay variation of 4.5 %).
Statistical analysis
Hormone values, except DOC, were log transformed prior to analysis to accommodate the assumption of a normal distribution. Pearson's correlations were used to evaluate the relationship between hormones by experimental phase. Discriminant analysis was applied with hormones as independent variables and drinking status [defined by Grant et al. 2008b as >3.0 g/kg/day (n=9) and <3.0 g/kg/day (n=23), respectively, over months of 22 h/day ethanol access] as the dependent variable. Discriminant analysis undertakes the same task as multiple linear regression by predicting an outcome when the dependent variable is categorical and the independent variable is continuous. The aim was to find an underlying structure that characterizes drinking phenotype based on a weighted linear sum of hormone concentrations for each monkey. A discriminant score was calculated for each monkey based on standardized canonical discriminant function coefficients of each hormone. Hormones with large coefficients stand out as those that strongly predict drinking phenotype. Centroid values, defined by the group means of predicted values, were used to distinguish heavy and non-heavy drinkers. Hormones identified using discriminant analysis were compared across experimental phase using linearmixed models with monkey as the subject variable, drinking status (heavy and non-heavy) as the between-subjects effect, and experimental phase (baseline, first 6 months of ethanol access, and second 6 months of ethanol access) as the withinsubjects effect. Schwarz's Bayesian information criteria was used to determine the best-fit covariance structure. Age of heavy and non-heavy drinkers was compared using an independent groups' t test with Satterthwaite-approximated t value to accommodate unequal variance, and age was included as a covariate in the mixed model. The ratio of DOC/ALD was calculated and served as a dependent variable based on the results of the discriminant analysis showing the greatest distinction between these two hormones during chronic ethanol self-administration. The ratio of cortisol/DHEA-S served as dependent variable as an index of allostatic load and based on relationships to neuropsychiatric conditions (Maninger et al. 2009 ) and laboratory models of anxiety (fear-potentiated startle; Grillon et al. 2006) . Main effects and interactions were evaluated using Bonferroni-corrected t tests. Analyses were conducted using SAS 9.2 (Cary, NC), α<0.05.
Results
At baseline, ACTH was greater compared to after 6 or 12 months of ethanol self-administration, F(2, 60)=141, p < 0.0001 [t(59) = −14.7, p = 0.0004 and t(59) = −15.6, p=0.0004, respectively; Fig. 2a ]. Heavy and non-heavy drinkers did not differ. Cortisol and DHEA-S on average did not differ between the experimental phases or between the groups (Fig. 2b, e, respectively) . On the other hand, DOC increased during ethanol self-administration, F(2, 60)= 18.3, p<0.0001, only in non-heavy drinkers as indicated by an interaction between group and experimental phase. F(2, 60) = 3.9, p =0.03 [baseline (BL) vs first 6 monthst(59)=−8.9, p=0.0006; BL vs second 6 months t(59)=−8.1, p=0.0006; Fig. 2c ]. Age at the onset of ethanol access significantly differed between heavy (mean ± SD, 5.2± 0.7 years) and non-heavy drinkers (6.6±1.8 years), t(30)=3.2, p=0.003, but the above results were significant after accounting for age. Aldosterone was significantly greater among heavy compared to non-heavy drinkers during the first 6 months of ethanol access, F(2, 60)=6.5, p=0.003, also after accounting for age differences [t(59) = −4.1, p = 0.0003; Fig. 2d ].
Discriminant analysis revealed centroid values based on coefficients for each hormone, indicating that the greatest difference between heavy and non-heavy drinkers was in DOC and aldosterone concentrations. In other words, heavy drinkers tended to be on the positive side of the dimension (aldosterone concentrations), while non-heavy drinkers tended toward the more negative side (DOC). Based on this result, the ratio of DOC/aldosterone was calculated and compared across heavy and non-heavy drinkers. The ratio of Fig. 2 Hormone concentrations (a-e) and the ratio of mineralocorticoids deoxycorticosterone (DOC) and aldosterone (f) at baseline (BL), during the first and during the second 6 months of access to ethanol among rhesus macaques that became non-heavy (mean daily dose of self-administered ethanol ≤3.0 g/kg/day over 12 months) and heavy (>3.0 g/kg/day; Grant et al. 2008b) drinking. The data are mean ± SD DOC/aldosterone varied across experimental phase and with drinking status, F(2, 60)=7.7, p=0.001 (Fig. 2f) . In the first 6 months, ethanol intake and BEC were (mean ± SEM) 2.2± 0.01 g/kg/day and 53.9±0.3 mg/dl, respectively, including all monkeys, and 2.4±0.01 g/kg/day and 71.8±0.4 mg/dl, respectively, in the second 6 months. Heavy and non-heavy drinkers had a similar DOC/aldosterone ratio at baseline, but after accounting for age differences, this ratio was significantly lower among heavy drinkers both during the first [t(59)=−6.0, p=0.0003] and second [t(59)=−3.1, p=0.008] 6 months of ethanol access. On an individual basis, the increase in aldosterone during ethanol self-administration was greater than the increase in DOC, particularly among heavy drinkers, accounting for the lower DOC/aldosterone ratio during these experimental phases.
At baseline, there was a trend for ACTH to correlate with cortisol (r=0.29, p=0.11; Fig. 3a ) and with DHEA-S (r=0.32, p=0.07; Fig. 3b ), which did not differ between monkeys that later became heavy or non-heavy drinkers. The ratio of cortisol/DHEA-S did not correlate with ACTH before ethanol access (r=−0.20, p=0.27; Fig. 3c ), which was similar for eventual heavy and non-heavy drinkers (non-heavy r=−0.17, p=0.45; heavy r=−0.46, p=0.21). After the onset of ethanol access, ACTH regulation of cortisol (Fig. 3d, g ) and DHEA-S (Fig. 3e, h ) was also absent, except for heavy drinkers, for whom in the first 6 months of ethanol access, ACTH correlated with DHEA-S (r=−0.87, p=0.002) and in the second 6 months, cortisol/DHEA-S ratio (r=0.73, p=0.03). In contrast, correlations between ACTH and the mineralocorticoids DOC (Fig. 4a, c and e) or aldosterone (Fig. 4b, d and f) were not observed at baseline, but there were weak correlations between ACTH and DOC including all monkeys during ethanol self-administration (first 6 months r=0.37, p=0.04; second 6 months r=0.43, p=0.02) and a positive correlation between ACTH and DOC only among heavy drinkers during the second 6 months of selfadministration (r=0.73, p=0.03). Also, a lack of correlation between DOC and aldosterone was observed at every phase of the experiment for heavy drinkers, although for non-heavy drinkers, DOC and aldosterone correlated during the first Fig. 3 Adrenocorticotropic hormone (ACTH) correlations with cortisol produced in the zona fasciculata of the adrenal gland (left) and with dehydroepiandrosterone-sulfate (DHEA-S) produced in the zona reticularis of the adrenal gland, and their ratio (right), at baseline (a-c), during the first 6 months (d-f) and the second 6 months (g-i) of 22 h/day access to ethanol in rhesus monkeys that became non-heavy (open circles, ≤3.0 g/kg/day) and heavy (closed, >3.0 g/kg/day) drinkers on average over 12 months of access. Regression lines indicate significant correlations (r=0.57, p=0.005) and second (r=0.46, p=0.03) 6 months of access to ethanol (data not shown).
Mean DOC concentration at baseline was negatively correlated with future BEC (r=−0.42, p=0.02; Fig. 5c ), which was 64.9±6.4 mg/dl across all subjects (mean ± SEM; minmax, 0-139 mg/dl). This correlation was upheld when all monkeys were included and when future non-heavy drinkers were excluded (r=−0.74, p=0.02), even though only nine monkeys were heavy drinkers. In contrast, DOC did not correlate with future daily ethanol intake ( Fig. 4b ; mean ± SEM 2.3±0.2; min-max, 0.3-4.1 g/kg/day) or water intake ( Fig. 5a; 1,204±93 ; 416-2,628 ml/day). Baseline aldosterone did not correlate with water ( Fig. 5d ), ethanol intake (Fig. 5e ), or BEC (Fig. 5f ). Baseline concentrations of the other hormones measured did not correlate with subsequent water intake or ethanol intake over 12 months or with BEC (data not shown), regardless of whether all monkeys were included or whether future heavy and non-heavy drinkers were analyzed separately. In addition, the average daily ethanol (r=−0.58, p=0.0005) and water (r=−0.47, p=0.006) intake across 12 months of access including both heavy and nonheavy drinkers correlated significantly with the DOC/ aldosterone ratio, with a trend for BEC (r=−0.33, p=0.07).
Figure 6 also shows correlations between hormone concentration averaged over 12 months of ethanol access and ethanol intake. Over this time frame, ethanol intake showed a trend (r=−0.33, p=0.07) and BEC was significantly correlated (r=−0.45, p=0.009) with DOC. When analyzed separately, this correlation was significant in non-heavy (r=−0.44, p=0.04) but not in heavy (r=−0.39, p=0.31) drinkers, although in the same direction for these nine monkeys. Aldosterone over 12 months was moderately correlated with ethanol intake (r=0.49, p=0.004) but not with BEC (r=0.07), only when including both heavy and non-heavy drinkers. These data are consistent with the claim that aldosterone reflected fluid homeostasis instead of intoxication as suggested by BEC, as aldosterone correlated with water intake (r=0.46, p=0.008) regardless of drinking status. 
Discussion
As the balance of neuroactive steroids that regulate GABAergic neurotransmission may be an important variable mediating the effects of ethanol, the present study related circulating neuroactive steroid precursors in rhesus macaques as a predictor of chronic ethanol drinking. These results distinguish the contributions of the mineralocorticoids aldosterone and DOC on a basal hormonal milieu that may be a risk factor for ethanol self-administration. This longitudinal study was not designed to evaluate the contribution of day-today hormonal variation on ethanol intake, as a maximum of ten plasma samples throughout the 12 months of ethanol access were assayed. Instead, this study shows that baseline Mechanistically, the GABAergic neuroactive metabolite of DOC, THDOC, is expected to contribute to homeostasis of GABAergic neurotransmission in the brain, as plasma DOC strongly correlated with brain DOC in mice (Porcu et al. 2011) . Past studies showed that THDOC positively modulates GABA A receptor currents in parvocellular neurons of the paraventricular nucleus of the hypothalamus (Womack et al. 2006) . Fluctuation in neurosteroid concentration is associated with altered neural expression of GABA A receptor subtypes (Concas et al. 1998 ) and GABA release (for a review, see Helms et al. 2012c ). In mice, basal DOC was positively correlated with ethanol-induced loss of righting reflex, ethanol-induced ataxia and ethanol-induced corticosterone, and measures of anxiety-like behavior (Porcu et al. 2011 ). These positive correlations were interpreted to indicate that DOC was metabolized to corticosterone instead of an anxiolytic neuroactive metabolite (Bitran et al. 1991) . Overall, circulating DOC appears to contribute to individual set points for ethanol sensitivity and in the present study, extended to BEC after ethanol self-administration in rhesus macaques.
In previous studies, abstinent alcoholics (also nicotine dependent) and controls were shown to have similar baseline plasma DOC (Porcu et al. 2008 ), but it is not possible to know whether differences could have existed prior to the onset of ethanol use or abstinence. Besides function of its metabolite THDOC, DOC itself has activity at mineralocorticoid and glucocorticoid receptors (Vinson 2011) . Mineralocorticoid receptors are decreased in the brains of patients with major depression in post-mortem analysis (Klok et al. 2011) , and preclinical studies indicate that chronic (11 days) of mineralocorticoid receptor antagonism decreased anxiety-like behavior and corticosterone response to stress (Hlavacova et al. 2010) . Chronic corticosterone treatment in rats resulted in neuroadaptive changes associated with transiently increased ethanol self-administration (Besheer et al. 2013) . Even though the effects of chronic DOC treatment on ethanol selfadministration and related behaviors have not been studied, based on the present findings, DOC could be hypothesized to protect against drinking to intoxication independently of the average daily intake. Heavy (>3.0 g/kg/day) and non-heavy (≤3.0 g/kg/day) drinkers had a similar range of BEC taken at 7 h into the drinking session, indicating that the drinking patterns during the session where BEC was analyzed were similar across groups. However, the individual average BECs were also highly variable suggesting variable patterns of alcohol intake within individuals as well as between individuals. Baseline DOC correlated inversely with future BEC averaged over 12 months of access to ethanol, indicating a relationship between DOC and a future pattern of drinking leading to intoxication.
The data in the present study extend and confirm this relationship between circulating DOC and binge drinking, as suggested by BEC, although additional studies are needed to confirm using independent behavioral measures of intoxication. The present findings are in line with our hypothesis that hormones metabolized to GABA A positive modulators (DOC) should negatively correlate with ethanol selfadministration. Originally, we reported that glucocorticoid regulation of DOC by dexamethasone was negatively correlated with subsequent daily ethanol intake averaged over 12 months (Porcu et al. 2006) . That is, lower suppression of DOC by glucocorticoid feedback to the HPA axis was a risk factor for greater ethanol self-administration. In the current study, baseline DOC (morning samples prior to dexamethasone, before the onset of ethanol access), in the absence of stress-or pharmacological-induced negative feedback of the HPA axis, did not correlate with 12-month intake, in contrast to a negative correlation with BEC. The lack of correspondence between hormone concentration with ethanol intake, and hormone concentration with BEC, is not surprising as there were few hormone samples compared to daily ethanol intake averaged from 12 months of access, and BEC averaged from samples taken every fifth day over the same time. On sample days, BEC is highly correlated with the selfadministered dose of ethanol in monkeys (Grant et al. 2008b) . A dissociation between average dose of ethanol consumed and average BEC overall 12 months of access is expected because patterns of ethanol intake contribute to BEC in addition to the dose consumed. On the other hand, baseline DOC was also not correlated with water drinking, excluding an interpretation based on the role of DOC in fluid homeostasis. The correlation between baseline DOC and 12-month BEC suggests that an individual's waking DOC and/or its metabolites contribute to a risk of ethanol drinking to intoxication rather than overall ethanol intake.
Aldosterone levels appear to be related to its role in fluid homeostasis, as baseline aldosterone was correlated with both water and ethanol intake. The results of a discriminant analysis showing that concentrations of these mineralocorticoids differed between heavy and non-heavy drinkers lead us to examine the balance of DOC and aldosterone, being that DOC is a precursor of aldosterone. Prior to ethanol exposure, this ratio did not differ between monkeys that became heavy or non-heavy drinkers. During daily ethanol drinking, however, heavy drinkers had lower DOC/aldosterone ratios after 6 and after 12 months of self-administration. Significant correlations in the present study extended this finding to show that aldosterone is a linear function of the quantity of water or ethanol consumed over many months, accounting for correlations with fluid intake and the DOC/aldosterone ratio. Indeed, these were the only significant or trending correlations between the hormones measured and average daily ethanol intake in this study. These data indicate that total fluid consumption and fluid homeostasis are related to the altered balance between DOC and aldosterone.
The data suggested changes in basal HPA axis activity and hormonal milieu with chronic ethanol intake based on altered correlations between hormones. The relationship between circulating ACTH and steroidogenesis differs between the layers of the primate adrenal cortex. Secretion of DOC is mediated by ACTH, angiotensin II, and potassium ions, being synthesized in the zona fasciculata and zona glomerulosa of the adrenal gland, the latter also the site of aldosterone synthesis (Brown et al. 1972) . In the present study, circulating levels of the mineralocorticoids DOC and aldosterone were correlated only among heavy drinkers consuming ethanol and with plasma ACTH during the second 6 months of ethanol self-administration. Correlations that were significant only for heavy drinkers are particularly strong because only nine monkeys were included in this group and suggest an interaction between patterns of ethanol self-administration and intoxication and endocrine activity. In the absence of a stressor or challenge, but in an awake and active animal, mineralocorticoid production by the zona glomerulosa may be primarily regulated by vasopressin (Grazzini et al. 1998 ). The present data suggest steroidogenic effects of ethanol at different regions of the adrenal gland. Low circulating levels of ACTH did not appear to stimulate adrenocortical activity at the level of the zona fasciculata as suggested by the absence of correlation with circulating cortisol, which was similar between heavy and non-heavy drinkers. Under HPA axis challenge, ACTH increases circulating cortisol (e.g., Wand and Dobs 1991; Czoty et al. 2009 ), so the absence of a correlation between ACTH and cortisol in this study suggests that the monkeys were calm at baseline sampling. Administration of ACTH increases DHEA (e.g., Radant et al. 2009 ) and its longlasting-sulfated form, DHEA-S, after a delay (Griffing et al. 1985) . Individuals vary in this capacity with age (Baulieu 1996) and possibly with ethanol consumption. Additional studies are needed to confirm, in the present study, the effect of chronic heavy ethanol self-administration on ACTH and DHEA-S and to determine the effect of chronic ethanol on adrenocortical stimulation of DHEA-S.
The basal hormone concentrations reported in the present study reflect individual differences in endogenous HPA axis in a basal state, instead of reactivity to a challenge. Except for DOC, the hormones measured in this study indicated that individual differences in endogenous HPA axis activity were similar between monkeys that became heavy and non-heavy drinkers and could be related to temperament or some other enduring characteristic of the monkeys. Indeed, HPA axis reactivity correlates with temperament in normal healthy humans (Tyrka et al. 2008 ). An association between drinking to intoxication and basal individual differences in neuroactive steroids may be established early in life. In an experimental model of stress using social isolation at weaning, rats showed decreased concentrations of neuroactive steroids including the DOC metabolite, THDOC, in plasma and cerebral cortex compared to group-housed controls (Serra et al. 2000) . Increased adrenocortical response to stress in rats after maternal deprivation during post-natal days 2-10 is decreased by treatment with THDOC (Patchev et al. 1997) , suggesting that early life stress affects sensitivity to the neuroendocrine and behavioral effects of GABAergic ligands including neuroactive steroids, and possibly ethanol. However, the effects of early life stress on responding for ethanol and ethanol consumption in rodents are variable across protocols (McCool and Chappell 2009; Pisu et al. 2011; Butler et al. 2014) , and these are not optimized to determine the effects of stress and HPA axis activity on clinically relevant, heavy alcohol drinking. Additional studies that capture wider natural or treatmentinduced variation in HPA axis activity are needed to experimentally test the role of these baseline traits and future ethanol intake in monkeys.
Greater differences in basal HPA axis activity emerged between heavy and non-heavy drinkers after the onset of ethanol access in the present study. With repeated ethanol use and dependence, the threshold for stress responses and activation of the HPA axis appears to adapt (e.g., Berman et al. 1990; Inder et al. 1995; Dai et al. 2007; Porcu et al. 2008) . In the present study, ACTH was weakly related to adrenocortical activity at the level of the zona reticularis as indicated by a correlation with DHEA-S. However, this correlation was only present during ethanol access for heavy drinkers. During ethanol access, ACTH concentrations clustered around lower values and the variation in DHEA-S remained consistent across experimental phases, aligning with ACTH in heavy drinkers after 6 months of self-administration. Altered ACTH regulation of adrenocortical activity at the level of the zona fasciculata, namely cortisol, has been observed in abstinent alcoholics by administering cosyntropin, a synthetic derivative of ACTH (Adinoff et al. 2005 ). An earlier study from these same investigators found no difference in basal DHEA-S between alcoholics abstinent for 1-3 weeks, alcoholics abstinent for 3 weeks to 6 months and controls, although the DHEA after ovine CRH administration appeared to be greater among abstinent alcoholics (Adinoff et al. 1996) . The ratio of cortisol/DHEA-S is a clinically significant marker of self-rated depression among abstinent alcoholics (Heinz et al. 1999) . The hormonal correlates of this ratio distinguish heavy and non-heavy drinkers only after the onset of ethanol self-administration, as ACTH concentrations correlated with DHEA-S and the cortisol/DHEA-S ratio among heavy drinkers. In normal healthy humans, there is a positive correlation between plasma ACTH and cortisol, ACTH and DHEA, and cortisol and DHEA, but not among patients developing inflammatory joint disease (Kanik et al. 2000) . We previously showed that chronic ethanol selfadministration alters plasma concentrations of many cytokines and immune-regulating proteins and their correlations with ACTH and cortisol in monkeys (Helms et al. 2012b) . Correlations of ACTH with cortisol and DHEA-S, and with DOC, during ethanol self-administration in the current study may be due to pathogenesis involving inflammatory processes. Overall, the data suggest that the ratios of ACTH, cortisol, and DHEA-S could be very informative for documenting ethanol-induced alterations in HPA axis homeostasis.
